Aims Studies have shown that arbuscular mycorrhizal (AM) fungi can reduce the performance of typically detrimental root feeding insects, yet the mechanisms remain unclear. This study aimed to investigate the effects of different sources of AM inocula on plant resistance to a root feeding insect in two different soils with different silicon (Si) concentrations. Methods Sugarcane (Saccharum spp. hybrid) was grown in high or low Si soil; plants were treated with either an inoculum comprising the native AM fungi, a commercial AM fungal inoculum or with no AM fungi. Root herbivore (Dermolepida albohirtum) performance was measured in a feeding assay.
plant. Indeed, the degree to which this ancient relationship is mutualistic can also be determined by plant and fungal community identities as well as environmental factors such as soil type and nutrient availability (Jones and Smith 2004) . In addition to altered nutrient uptake, AM fungi are known to alter host plant growth, physiology, water uptake and hormones (Smith and Read 2010) . These changes in the host plant will also impact any insect herbivores which feed upon it. Indeed, the majority of land plants will have at least one, if not several, species of insect herbivores which attack it.
The effects of AM fungi on plant resistance to foliar feeding insect herbivores are highly variable (Koricheva et al. 2009 ) and the mechanisms remain ambiguous (Bennett et al. 2006) . The majority of research has focused on aboveground insect herbivores, with relatively fewer studies investigating how AM fungi affect root herbivore performance (see Johnson and Rasmann 2015 and references therein) . This is surprising as root herbivores not only impact plant fitness and communities, but are of major importance to food webs and ecosystem functioning (Blossey and Hunt-Joshi 2003) . Additionally, root feeding insects and AM fungi share the same soil environment and interact with the same organ of the host plant, the roots. As such, there should be stronger evolutionary selection pressure for AM fungi to impact host plant suitability for belowground herbivores than they do aboveground (Johnson et al. 2016b) . This is because root herbivory, as with aboveground herbivory, decreases photosynthesis, reducing photoassimilates available for transfer to AM symbionts (Zvereva and Kozlov 2011) . Additionally, root herbivores reduce root mass available for AM colonisation and can also potentially inflict damage to AM fungi directly (Johnson and Rasmann 2015) . Indeed, of the studies that have investigated the impacts of AM fungi on root feeding insects, all except one (Currie et al. 2011) , found that mycorrhizal colonisation increased plant resistance to root herbivores, suggesting a significant role of AM fungi in plant defences. Yet the mechanisms behind these effects are still unclear (Gange 2001; Johnson and Rasmann 2015) .
As the AM fungi-plant symbiosis is based on the transfer of nutrients, much of the literature emphasises the role of AM fungi in plant nutrition. Indeed, as AM fungi exert strong effects on plant nutritional status, this in turn can affect plant chemical defences. However AM fungi also initiate changes in plant defence pathways and chemicals (Jung et al. 2012) in ways that cannot be attributed to improved nutritional status alone (Liu et al. 2007 ). AM priming of plant defences is a major mechanism behind AM induced plant resistance to pathogens and herbivores (Pozo and Azcón-Aguilar 2007) . This includes priming of the plant jasmonic acid pathway (Hause et al. 2002) , which is responsible for the production of many chemical defences against chewing insects (Howe and Jander 2008) . Overall, several plant mediated mechanisms have been implicated in AM fungi-insect interactions (Koricheva et al. 2009; Jung et al. 2012 ), many of which were recently highlighted by Tao et al. (2016) . However, several plant defences have been neglected to be considered in these interactions, one of which is silicon.
Silicon (Si) is the second most abundant element in the Earth's crust and is now recognised to have a significant role in several aspects of plant ecology and evolution (Cooke et al. 2016) . Si is taken up by plant roots from the soil in the form of silicic acid [Si(OH) 4 ] (Ma and Yamaji 2015) where it is deposited within plant tissue as SiO 2, commonly known as phytoliths or silica bodies. The efficacy of Si as a defence against a range of aboveground herbivores is well established Massey and Hartley 2009 ; see examples in Reynolds et al. 2009 ). These effects have been mainly attributed to increases in physical toughness of plant tissue, increased mandibular wear, decreased nutritional value and decreased digestibility of plant tissue (Massey and Hartley 2009 ). We recently demonstrated, for the first time to our knowledge, the positive impacts of Si on plant resistance to a root feeding insect (Frew et al. 2016) . Indeed, it has been shown that AM fungi can increase Si uptake in plants (Kothari et al. 1990; Clark and Zeto 1996; Oye Anda et al. 2016) , although the exact mechanisms remain unclear. This highlights the potential role of Si within AM-mediated plant defences against root herbivores. Considering the importance of root herbivores and AM fungi to food webs and ecosystem functioning, it is important to gain a better understanding of how these organisms affect each other to provide a more comprehensive appreciation of their interactions and impacts. This is of particular importance from an applied perspective as almost all land plants form associations with AM fungi, including crops, and as such, any defensive benefit from these associations could be exploited in agriculture by maximising root colonisation, for example.
We carried out an investigation to assess (i) the impacts of AM fungi on plant resistance to root herbivory in a soil with low Si concentrations and in a soil with high Si concentrations; (ii) the differences between the impacts of a commercial AM inoculum and an inoculum of native soil AM fungi on plant growth and resistance to root herbivory within the low and high Si soils.
We predicted the following: (i) AM fungi would promote plant growth while root herbivore performance would be reduced by AM root colonisation through increased concentrations of root Si; (ii) Native AM treatments would cause a stronger plant and insect response compared to the commercial AM inoculum, as commercially available AM fungi are possibly less likely than native AM fungi to be adapted to a specific local soil environment (Schechter and Bruns 2012; Johnson et al. 2016a; Revillini et al. 2016) ; (iii) In high Si soil, plants will have adequate supply of Si and therefore AM fungi will have less of an impact on root herbivore performance, while in low Si soil the AM fungi will increase root Si concentrations and thereby reduce insect growth and root consumption.
We investigated the potential role of Si using two different AM communities (i.e. two different sources of inocula), as the effects of AM fungi on plant-insect interactions can vary depending on AM community composition (Bennett and Bever 2007) . We compare the effects of a commercially available AM inoculum to the native soil AM community on plant growth, photosynthesis and chemistry, alongside root herbivore performance. This investigation was carried out in two different soil types, primarily selected for their low and high Si concentrations. We investigated the effects of the AM treatments on plant and insect responses within each soil type and examined how this related to soil Si concentrations. This was achieved by carrying out a pot experiment and feeding trials using sugarcane (Saccharum spp. hybrid L.) and the root feeding Dermolepida albohirtum (Waterhouse) larvae. Sugarcane is a Si accumulating plant that forms strong associations with AM fungi, and are preferentially eaten by root herbivores. Considering these traits, this presented a good model to test our hypotheses.
Materials and methods

Plant growth and AM treatments
We grew 60 Saccharum spp. hybrid plants (variety Q130), from single-eye cuttings. Plants were germinated in trays of gamma-irradiated potting mix (Richgro© All Purpose Potting Mix), receiving tap water ad libitum for three weeks in a shade house. All plants were then transferred to 10 l pots with one of two different soils which are referred to as 'low Si soil' (1392 mg/kg) or 'high Si soil' (2221 mg/kg) (see Table S1 in Supplementary Material for soil nutrient analysis). These soils were sourced from two fields in the Gordonvale region of north Queensland, Australia, where Saccharum spp. are grown, fully described in Frew and Johnson (2016) . Both soils were fully homogenised with a soil mixer and gamma-irradiated prior to analysis and use. At this stage, all plants in both soil types received AM treatments of approx. 400 AM spores by pipetting onto seedling roots. The 'AM fungi' treatments comprised of the following:
-Non AM inoculum comprising of equal proportions of commercial AM, low Si soil 'native' AM and high Si soil 'native' AM inoculants, sterilised by autoclaving.
Microbe Smart Pty. Ltd., Melrose Park DC, South Australia, listed to contain spores from four AM fungal species: Glomus etunicatum, G. coronatum, G. intraradices and G. mosseae. Spores were extracted from the inoculum using wet sieving and sucrose centrifugation extraction method (Daniels and Skipper 1982) . -Native AM inoculum comprising of AM spores extracted from field soil from either the low Si soil or high Si soil, extracted using the same method (see above). Native AM inoculum was only applied to the respective native soil (i.e. low Si soil inoculant was the native AM treatment for plants grown in low Si soil).
To ensure all AM treatments received a similar number of spores, extraneous solution (without spores) was removed to produce inoculants with a similar average spore density. All pots also received microbial filtrate (300 ml) to standardise the microbial community within each pot at the initiation of the treatment. This filtrate was created by using the extraneous extraction solution (without spores) from the commercial AM fungal inoculant, low Si soil 'native' inoculant and high Si soil 'native' inoculant in equal proportions.
Pots were randomly distributed on benches within a shade house and received natural light throughout, which was approximately 640 mol −2 s −1 on a clear day. Temperature was logged every 30 mins throughout the experiment, mean day and night temperatures throughout the growth period were 25.8°C and 15.7°C, respectively. All pots received water ad libitum. Every two weeks all pots were randomly re-arranged within the shade house to reduce any spatial or edge effects.
Rates of photosynthesis were measured within the shade house approximately every three weeks with a Portable Photosynthesis System (LI-6400, Li-COR Inc., Lincoln, USA). Photosynthesis was measured on clear days with similar temperatures, to minimise environmental impacts on photosynthesis measurements. Plants were grown for 26 weeks, after which time plants were harvested where the leaves, stems and roots were separated, roots were thoroughly washed, and all plant material was placed in a 40°C oven for 72 h, and then weighed. A subsample of fresh root material was retained from each plant to be used for insect feeding assays.
To confirm colonisation of roots under the AM treatments and absence of colonisation of the roots under the 'non AM' treatment, a random sample of 1-2 g of fresh root from every plant was cleared with 10% KOH in a 90°C water bath for 10 mins and then stained with 5% ink-vinegar (Vierheilig et al. 1998) . A random selection of the cleared and stained roots were mounted on glass slides with glycerine under a cover slip and scored for presence of AM fungi using the intersect method (McGonigle et al. 1990 ) for a minimum of 50 intersects. When quantifying colonisation, only hyphae in which there was a visible connection to AM structures (arbuscules, vesicles, spores) were counted, to exclude other types of non-mycorrhizal hyphae. No colonisation was detected in the non AM plants.
Feeding assay
To investigate the impacts of AM fungi on the feeding behaviour and performance of a root herbivore, feeding assays were carried out as in Frew et al. (2016) , adapted from Massey and Hartley (2009) . Dermolepida albohirum, colloquially known as 'canegrubs', are scarab beetles native to Australia. The adults feed on the foliage of different plant species, while the larvae feed on the roots of grasses, but are significant pests of sugarcane (Allsopp 2010) . Larvae were collected from sugarcane fields from the Mackay region of Queensland, Australia, for use in this experiment and were fed exclusively on carrot until use. Individual young third instar larvae of D. albohirtum, starved for 24 h, were weighed before being placed in a Petri dish (14 cm diameter) with approximately 5 g of fresh root material, taken from the harvested plants. Larvae and root type were randomly allocated, kept at 26°C and were allowed to feed for 24 h, after which time they were starved for a further 12 h to ensure all frass was expelled, before being reweighed. Values of water content, derived from root samples from the same plants, were used when converting fresh mass of roots to dry mass, to account for any evaporative water loss during the experiment. Alongside insect mass gained/lost over the experimental period, two insect performance indices were calculated according to Slansky (1985) :
& Relative consumption estimates the mass of root material ingested over the 24 h period relative to initial body mass and was calculated from: food ingested (mg change in dry root mass)/ mean body mass over experimental period (mg body mass). & Relative growth rate calculates body mass growth relative to initial body mass, and was calculated from: mass gained (g) / initial body mass (g)/time (days).
Plant chemical analysis
All dry plant leaf and root samples were ball milled and a subsample of approximately 40 mg was analysed for N and carbon (C) concentrations using an elemental analyser (FLASH EA 1112 Series CHN analyser, Thermo-Finnigan, Waltham, MA USA). Concentrations of Si and P were determined as described in Hiltpold et al. (2016) by an X-ray fluorescence spectrometer (Epsilon 3×, PANalytical, EA Almelo, The Netherlands), based on the method of Reidinger et al. (2012) . Total phenolic concentrations in the roots were determined as described in Salminen and Karonen (2011) , in technical triplicates, using a Folin-Ciocalteu assay with gallic acid monohydrate (Sigma-Aldrich, St.Louis, MO, USA) as the quantification standard.
Statistical analysis R statistical interface (v3.2.3) was used for all statistical analyses. The response variables from within the high and low Si soils were analysed separately to assess the AM fungal effects on plant and insect responses within each soil type.
Responses were analysed with 'AM fungi' as the explanatory factor in ANOVAs type = II, from the R package 'car' (Fox and Weisberg 2011) . Independent t-tests using the 't.test' function in R were used to analyse for any differences between commercial AM and native AM treatments on AM root colonisation. Sample sizes were slightly unbalanced due to loss of plants prior to harvest.
Rates of photosynthesis within both soil types were analysed using a linear mixed effects model ('lmer' function) from the R package 'lme4' (Bates et al. 2015) , with photosynthesis as the response variable and 'AM fungi' treatment as a fixed effect. To account for the effects of measurements taken over time and to account for non-independence of measurements taken on the same individual plants, 'week' and 'plant number' were considered as random effects in the model. Only plants which survived to harvest of the experiment were considered in the analysis.
Permutation tests for linear models using the 'lmp' function within the R package 'lmPerm' (Wheeler and Torchiano 2016) were used to analyse root C:N ratio response (in low Si soil) to 'AM fungi' as the data did not meet assumptions of normality even after transformations were applied. Spearman's rank correlation coefficient using the 'cor.test' function in R was used to analyse for correlations between root Si concentrations and AM root colonisation. All other plant responses in both soil types (biomass, root total phenolics, root P concentrations and Si concentrations) were analysed using ANOVAs type = II from the R package 'car'. Log transformations were applied to any data that did not meet the assumptions of normality (Table S2) .
Concerning insect responses, differences in the insect relative consumption and the relative growth rate within both soil types were assessed using ANOVA type = II from the 'car' package. The relative consumption data were not normally distributed and log transformations were applied to meet the assumptions of the model. Pearson's product-moment correlation using 'cor.test' function in R was used to test correlations between the insect change in mass and root Si concentrations.
Results
AM root colonisation
Overall, root colonisation by AM fungi was higher in the low Si soil (28.2 ± 1.6%) than in the high Si soil (16.5 ± 1%). Within both soil types the AM treatments increased root colonisation (low Si soil: F 2,25 = 58.38, P < 0.001; high Si soil: F 2,24 = 59.87, P < 0.001); the non AM roots showed no evidence of root colonisation (Fig. S1 ). There was no significant difference in root colonisation between the commercial (27.4 ± 2.3%) and native (27.7 ± 2.8%) AM treatments (P = 0.92) in the low Si soil. Similarly, there was no significant difference in root colonisation between the commercial (17.1 ± 1.7%) and native (16.1 ± 1.3%) AM treatments (P = 0.65) in the high Si soil.
Plant responses to AM fungi
The photosynthetic rates of plants were significantly increased by AM fungi throughout the experiment overall in both the low (F 2, 193 = 29.62, P < 0.001; Fig. 1a ) and high Si soil (F 2, 186 = 32.04, P < 0.001; Fig. 1b) , with no difference in photosynthesis responses between commercial and native AM treatments in either soil type. These elevated photosynthetic rates were reflected in plant growth as AM fungi significantly increased aboveground biomass, root biomass and total biomass of the plants in the low Si soil (Fig. 1c, Table S2 ) and the high Si soil (Fig. 1d, Table S2 ). Again, there was no difference in biomass of plants between the commercial and native AM treatments (low Si soil: P = 0.51; high Si soil: P = 0.92).
Si concentrations of plant leaves were not affected by AM fungi in either the low or high Si soil (low Si soil: F 2,25 = 2.17, P = 0.14; high Si soil: F 2,24 = 1.56, P = 0.23). In the low Si soil, the commercial and native AM treatments increased root Si by 70.2% and 41.7%, respectively, compared to the non AM plants (Fig. 1e, Table S2 ). There was no significant difference in root Si concentrations between the commercial and native AM plants (P = 0.28). Also in the low Si soil, there was a positive correlation between root colonisation and root Si concentration (r s = 0.68, R 2 = 0.46, P < 0.001; Fig. 1g ), which held true after removal of the non AM plants from the analysis (r s = 0.69, R 2 = 0.48, P = 0.001). Contrastingly, in the high Si soil, AM fungi had no effect on the root Si concentrations (Fig. 1f, Table S2 ) and there was no correlation between root colonisation and root Si concentrations (r s = −0.1, R 2 = 0.002, P = 0.83; Fig. 1h ). Root P concentrations were unaffected by AM fungi in either soil type (Table S2) . Similarly, the C:N ratio and total phenolic concentrations of the roots were unaffected by AM fungi in both soil types (Table S2) .
Insect responses to AM fungi
The presence of AM fungi reduced insect root consumption in both the low (F 1,26 = 4.88, P = 0.03; Fig. 2a ) and high Si soils (Fig. 2b) , however the source of the AM inoculum (commercial or native) had no significant effects (Table S3 ).
In the low Si soil, root herbivore growth rates were negatively affected by AM fungi, where the insects feeding on non AM plants performed best (Fig. 2c , Table S3 ), with no difference between the commercial and native AM treatments. In the high Si soil, there was no effect of AM fungi on root herbivore growth rates (Fig. 2d, Table S3 ). A negative correlation was found between root herbivore change in mass from the feeding assays and the Si concentrations of the roots; this was found in both the low (r p = −0.46, R 2 = 0.18, P = 0.01; Fig. 3a ) and high (r p = −0.38, R 2 = 0.11, P = 0.04; Fig. 3b ) Si soil.
Discussion
Previous studies have shown that AM fungi can benefit their host plants by increasing resistance to root feeding insects, yet the mechanisms remain unclear. Here, we present evidence suggesting AM fungi can provide a context dependent defensive benefit to plants via root Si based defences, and thereby reduce the performance of a root feeding insect. The degree to which AM fungi are beneficial to their plant hosts is often dependent on soil nutrients such as N and P (Treseder 2004; Johnson and Graham 2013) . Our study suggests this may also be the case for soil Si, where we propose AM fungi can provide a Si based defensive benefit when soil Si concentrations are low. Yet we also found that within soil with higher concentrations of available Si, AM fungi can still impact herbivore root consumption, independently of plant Si, highlighting the multifaceted nature of these interactions. It is important to note that there are other differences between the two soils used within this study which may have impacted unmeasured plant traits or defence compounds. For example, the concentrations of calcium, magnesium, potassium and sulphur were all higher in the high Si soil, which may have promoted plant growth, or other plant defence mechanisms such as induced plant defences not measured within this study. Nevertheless, our evidence here suggests Si based plant defences play an important role in the plant mediated interactions between AM fungi and root feeding insects.
Plants in both low Si and high Si soil showed increases in their rates of photosynthesis in response to AM fungi, with no difference between commercial and native AM treatments. This effect became apparent after measurements at 13 weeks of plant growth (10 weeks after AM fungal inoculation), possibly as AM root colonisation and mycelial colonisation of the soil was being established. At week 10, all plants showed a reduction in their photosynthetic rates, this is possibly because air temperatures did not reach above 22°C on the day of week 10 measurements, the lowest maximum day temperature at which photosynthetic rates were measured during this experiment. Increases in photosynthesis in response to AM colonisation have been reported previously (Wright et al. 1998; Wu and Xia 2006) , and have been attributed to several mechanisms such as alterations in plant hormones (Drüge and Schonbeck 1993) , increased transport of water and nut r i t i o n , a n d a n i n c r e a s e d c a r b o n s i n k f o r photoassimilates from the presence of AM fungi in the soil. Here, increases in photosynthesis were reflected by significant increases in biomass, again seen in both soil types, irrespective of the AM inoculum identity. The promotion of plant growth in response to AM fungi is well known, however it is important to note other potential components of commercial AM inoculum which could have impacted our observations here, such as plant growth promoting rhizobacteria (Requena et al. 1997) . However, any such effects would have been minimised by the spore extraction method used prior to inoculation. Fig. 1 Rates of plant (Saccharum spp. hybrid) photosynthesis (μmol m −2 s −1 ) measured at different weeks throughout the experiment under different arbuscular mycorrhizal (AM) treatments (non AM, commercial AM and native AM) within low silicon (Si) (a) and high Si soil (b). Aboveground and belowground plant biomass (g) in low Si (c) and high Si soil (d), Si concentration (% dry mass) of leaves and roots in low (e) and high Si soil (f). Levels of significance are shown for effects of treatments. Degrees of significance are indicated as follows: ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001. Values are means ± SE. Correlations of AM root colonisation (%) and Si concentration (% DM) of roots under different AM treatments within low Si (g) and high Si soil (h). Solid line represents linear regression through all the data points, and dashed lines represent the associated 95% confidence intervals. Correlation coefficients (r), coefficient of determination (R 2 ) and P-values are shown
The almost parallel plant responses to the native and commercial AM treatments were surprising, as we expected the native AM fungi to be more likely to contain species adapted for the particular soil environment and as such, to have a stronger effect than the commercial AM fungi (Hartley and Gange 2009; Johnson et al. 2016a; Revillini et al. 2016) . Additionally, although AM fungi did not significantly impact phenolics, it is worth noting the higher concentrations of phenolics in the native AM plants compared to commercial AM plants, in the low Si soil (Table S2 ). This could be a result of locally adapted fungi providing a better defence benefit to their host plants compared to 'foreign' AM communities, as AM fungi are known to increase phenolic synthesis in roots (Zhang et al. 2013) . Similarly, the root consumption in the low Si soil was lowest under the native AM treatment, although not statistically significant, this also highlights the potential context dependent beneficial effects of locally adapted AM fungi. However, here we did not confirm AM fungal species identity and therefore the differences in AM community composition between the native and commercial inoculants are assumed, and it is possible that they shared some species. Indeed, the inclusion of genetic data here would have been highly valuable to facilitate more solid conclusions to be drawn, and should be considered in any future studies of this nature.
Within the low Si soil, both the commercial and native AM treatments increased plant resistance to the insects (reducing growth rates and root consumption). A nutritional explanation for this based on food quality is unlikely as there was no effect of AM fungi on the C:N ratio of the roots, which is an indicator of plant nutritional quality for insects, or on root P concentrations, which is a key nutrient in the AM fungi-plant symbiosis. Additionally, there was no significant impact of AM fungi on root phenolic compounds. Therefore, the observed increase in plant resistance to herbivory is likely to be a response to the higher concentrations of Si in the roots of the AM plants, particularly considering the strength of the relationship between AM root colonisation and root Si concentrations in the low Si soil, alongside the correlations between insect mass change and root Si concentrations. Indeed AM fungi have previously been reported to increase Si concentrations in plants (Kothari et al. 1990; Clark and Zeto 1996; Oye Anda et al. 2016) and although the exact mechanisms of this enhanced Si uptake are still unclear, aquaporin transporters, similar to those involved in Si uptake in plants, have been identified in AM species (Li et al. 2013; Deshmukh and Bélanger 2015) .
AM fungi had no impact on root Si concentrations within the high Si soil, and there was no relationship between AM root colonisation and root Si, which supports the hypothesis that AM fungi facilitate Si uptake when it is limiting in the soil. Reflecting this, AM fungi did not affect plant resistance to the insects in terms of the insect growth rates. However, AM fungi significantly decreased root consumption, in the high Si soil, which was not a consequence of higher root Si concentrations. As AM fungi alter multiple aspects of plant physiology and chemistry, it is most likely that multiple mechanisms are involved in their effects on plant resistance and defences against insect herbivores. An alternative possibility is that AM fungi can impact insect performance directly via mechanisms not yet known, particularly considering both the fungi and insects have evolved in the soil environment, and root herbivory is disadvantageous to AM fungi, however such direct interactions have yet to be tested. Our findings highlight that the relationship between root herbivores and AM fungi employs complex interactions, likely to involve Si and several other mechanisms (Hartley and Gange 2009; Koricheva et al. 2009 ). Here, unmeasured root phytochemicals were possibly altered by AM fungi (Babikova et al. 2013; Cameron et al. 2013) , which would explain the Si independent effect of AM fungi on insect root consumption within the high Si soil. This highlights the need for more comprehensive identification and quantification of changes in plant metabolites in response to AM fungi to gain a more complete understanding of mechanisms underpinning these relationships. Nevertheless, despite that the two soil types differed in several nutrients other than Si, there were negative correlations between root herbivore mass change and root Si concentrations within both soils, which support the understanding that Si is an effective plant defence against root feeding insects.
Root feeding insects can potentially reduce the extent to which the AM fungi-plant symbiosis is beneficial to the host plant (Johnson 2010 ). This suggests that by increasing Si in the host plant roots, AM fungi may have gained an evolutionary advantage by increasing plant fitness through reduced root herbivory. This way, those AM fungi that increased root Si, minimised damage to both hyphae and plant roots, thereby maximising nutrient uptake and photosynthesis. This is an oversimplification as ) and P-values are shown AM fungi impact root feeding insects in more ways than simply altering the Si concentrations of their food, as highlighted by the Si independent effects reported in this study. Even still, Si is likely to play a significant role in the relationship between AM fungi and root herbivores, and is therefore a possible driver of belowground insect responses to AM fungi; although the relative importance of a Si based defence mechanism is context dependent. This also highlights the potential applications of these interactions to agriculture as the need for novel strategies of pest management is growing. For example, encouraging colonisation of crops by AM fungi, particularly in Si depleted soils, could provide a pest resistance benefit to crops against root feeding insects, as well as aboveground herbivores. This could be tested in other crop species and in other field conditions to gage the true potential applications in sustainable crop protection.
There are several examples of AM fungi increasing plant resistance to root feeding insects, but the mechanisms remain largely unknown, and no studies to date have considered a Si based mechanism. Si based defences have been shown to be effective against foliar feeding (Reynolds et al. 2009 ) and root feeding (Frew et al. 2016) insects, as well as play a key role in ecosystem interactions and plant evolution (Cooke et al. 2016; Strömberg et al. 2016) . AM fungi are known to increase Si concentrations in plants, which suggests that these symbiotic fungi can enhance plant Si based defences against root feeding insects. The results of our study are at least compatible with this hypothesis. Our study also indicates that AM fungi facilitate the uptake of Si where soil Si concentrations are relatively low. However, AM fungi also benefited their host plants by reducing herbivore consumption of roots grown in soil where Si was abundant, in a way that was independent of Si uptake, thus the mechanisms underlying this relationship remain ambiguous and require further research. Overall, this study has shed light on the previously overlooked role of soil Si in the complex dynamics between plants, AM fungi and root herbivores. A better understanding of these interactions not only improves our understanding of the ecology of plants, their symbionts and enemies, but also highlights the possibility to exploit these interactions in novel and sustainable pest management strategies in the future.
